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Intr oduction
Todaymostfusionexperimentsareusingcarbonasplasmafacingmaterial.Dueto thecodepo-
sition of tritium with carbona futurefusionreactorhasto minimisethegraphiteplasmafacing
components[1]. A promisingalternative materialis tungsten,which hasa high meltingpoint,
low erosionratein coldscrapeoff layerplasmaandasmalltritium retention.Howeverthemax-
imum allowedtungstenconcentrationin thecoreplasmais stronglyrestricteddueto radiation
losses.
Basedontheexperiencewith thetungstendivertor[2] astepbystepstrategy to inserttungstenin
themainchamberof ASDEX Upgradewasfollowed.First testswereperformedusingmarkers
andmid-Z coating[3]. The erosionfound at the inner heatshieldcould not be explainedby
CX neutralonly, but by ion impact [4]. During the experimentalcampaign20001 � 2 m2 of
the lower part of the centralcolumnwascoatedby tungsten.This region correspondsto the
divertor baf�es, wherethe presentITER-FEAT designusestungsten. No negative in�uence
on theplasmaperformance,evenin high power H-modeor advanceddischargescenarios,was
observed [5]. Mostly it wasnot even possibleto detecttungstenat the coreby spectroscopic
methodswithin a detectionlimit more than hundredtimes lessthan the maximumtolerable
concentrationsin ASDEX Upgrade.Postmortemanalysisof theinsertedtungstentiles indicate
that theerosionfound is mostlydueto ions. Typical erosionratesof about50 nm duringone
experimentalcampaignwerefoundonnotshadedsurfaces[6]. Theseerosionratesshow thatfor
todaypulsedexperimentslayersof 1µmaresuf�cient for applyingmaterialsassurfacecoatings.

Experimental setup
The presentcampaignstartedin April 2001 with a total coverageof the central column,
except for regions, which may be hit directly by neutral beaminjection or are usedas a
limiter. The carbontiles wereshapedto reduceedgeerosionandcoatedwith 0 � 6 � 1 � 5 µm
tungstenby PlasmaArc Deposition. Altogether6 � 5 m2 of coatedtiles were insertedat the
centralcolumn of ASDEX Upgrade(Fig. 1). Additional two completecolumnsof thinner
coatedtiles were mountedto analysethe completepoloidal tungstenerosion also at the
limiter region. The experimentalcampaignwasstartedwithout additionalwall conditioning
by boronisationor siliconisationto measurethe pure tungstensurface. During the �rst two
weeksof operationa dedicatedprogramto investigatetheperformanceof tungstenasplasma
facingmaterialwasexecuted.During this time all relevantscenariosweretested.Additionally
specialdischargeswereperformed,to investigatethephysicsof thetungstenerosionandtrans-



port. Thereaftera boronisationwasapplied
to reduce the oxygen content of the dis-
charges. No failure of the tungstencoating
during plasmaoperationwasobserveduntil
now.
The core tungstenconcentration,which is
relevant for the fusion performance,was
measuredusing a W-quasi-continuumat
about5 nm and from singleW-lines in the
soft X-ray spectralregion. The tungstenin-
�ux wasdeterminedusingthe intensityof a
WI line at 400.8nm. All spectrometerare
crosscalibratedusingtungstenlaserblow off
[5]. Additionally probeswere exposedus-
ing the midplanemanipulatorandanalysed
usingion beamtechniques.Theplasmapa-
rametersat theheatshieldweremeasuredby
Langmuirprobes. Due to this completeset
of measurementswewill beableto getinfor-
mationof the history of tungsten.This will
alsoproducedetailedinput datafor numeri-
cal simulations.

Fig.1: View of the centralcolumn of ASDEX
Upgradeshowing the tungstencoatedtiles. The
middle four rows aremadeof graphiteandCFC
andaretemporallyusedaslimiter.

H-modedischarges
First ordinary H-mode discharges were
investigated. No problemsdue to tung-
stenoccur. Indeedthe total radiationand
Zef f were higher than for a good con-
ditioned machine,but this is mostly at-
tributedto the high oxygencontent(few
percent)becauseof the lack of boroni-
sation. Fig. 2 shows two H-modedis-
chargeswith differentdensities.For low
densitythecentraltungstenconcentration
is always � 1 � 10�

6, about ten times
smallerthanrequiredfor ITER. Thesitu-
ation is even betterfor high densitydis-
charges (0.8 of Greenwald density), as
thecentraltungstenconcentrationis often
below the detectionlimit. A signi�cant
amountof tungstenin�ux wasmeasured
duringplasmastart-up,whenthetungsten
tiles areusedasa limiter, andin special
designeddischarges,whichhaslow clear-
ancewith respectto thetungstentiles.
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Fig.2: Typical H-mode discharges for different
plasmadensities.



A comparisonof thesedatawith depositionprobemeasurementsis still underinvestigation.
The centraltungstenconcentrationshows strongcorrelationwith the saw tooth activity. As
demonstratedin Fig.2, it is always reducedduring saw tooth activity. This givesa hint that
the centraltungstencontentdependsmostly on the internal transport,but not on the source
at theedge.Earliermeasurementsduringthedivertortungstenexperiment[7], wherea strong
correlationof thetungstensourcewith theSOLtungstendensitybut notwith thecentraldensity
wasfound,�t into thispicture.
To study the behaviour of tungsten,specialdesigneddischargeswereperformed. From for-
merexperimentsaccumulationof tungstenis known for limiter dischargesandlow voltageNB
heateddischarges.

Limiter discharges
A commonscenariowith internal transport
barrier on ASDEX Upgradeusesthe heat
shieldaslimiter to maintaina L-modeedge.
During thesedischargeshighenergy ionshit
the tungstensurfaces,which resultsin the
erosionof tungsten. As indicated in Fig.
3 thecentraltungstenconcentrationrisesas
soonastheLCFScontactsthetungstenheat
shield(0.7s). Thedischargesexhibitsashort
weak transportbarrier (0.8 - 0.9 s), which
resultsin high tungstenaccumulation.Be-
causeof thetransporttime thehighesttung-
sten peak valueswere reachedsoon after.
This scenarioresultsin thehighesttungsten
concentrationsmeasuredduring this cam-
paign.Theabsoluteconcentrationcouldnot
bederived,becausethedetectoris saturated.
However the discharge still survived. After
this phasethe pro�le changesand the cen-
tral tungstenconcentrationdrops.Theonset
of sawteethresultsin a strongerreductionof
the tungsten.Although this is a limiter dis-
chargetheplasmacompletelyrecoversfrom
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Fig.3: Limiter discharge with internal transport
barrier showing tungstenaccumulation. After
vanishing of the barrier the central tungsten
concentrationdrops.

the

formerhigh tungstenconcentrationsandreachesstill tolerabletungstenconcentrations.As the
coretemperaturedropsbelow 2 keV the temperatureis to low to measure46W with thespec-
trometerandno centralconcentrationsareavailable. For strongertransportbarrierdischarges
evenhigherconcentrationswerefound. changed.Thestrongvariationof thecentraltungsten
concentrationcanonly beexplainedby astrongvariationof thetransportinto thecoreplasma.

Variation of the heating pro�le
From divertor tungstenexperimentsthe tendency of tungstenaccumulationfor low en-
ergy, i.e. off axis, NBI heateddischarges is known [2]. To investigatethis effect the
NB energy was reducedfrom 60 keV to 35 � 40 keV. Due to this the heating pro�le



is shifted from central to off-axis heating.
Again we �nd highertungstencoreconcen-
trations for off-axis heateddischargesthan
for centralheating. As shown in Fig. 4 the
discharge 14225shows a clear tendency to
accumulatetungstenat 3 s. This resultsin
an enhancedradiation. The samescenario
wasusedin shot14222,but 1.2MW of cen-
tral depositedECRH was added. Due to
thiscentralplasmaheating,thecoretungsten
concentrationdroppeddramatically. Thisef-
fect is even veri�ed after switching off the
ECRH heating,when the tungstenconcen-
tration risesagain. This demonstratesagain
that the central tungstenconcentrationde-
pendsmostly not on the sourcebut on the
transportin thecoreplasma.Themechanism
of this accumulationmay dependon neo-
classicaltransport,but is not analysedin de-
tail until now. Experimentallyit wasshown
thatthecentraltungstenconcentrationcanbe
controlledby theheatdeposition.Thiseffect
may enableto operatefuture fusion devices
with highertungstenedgeconcentrations.
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Fig.4: Discharge with low energy NB heating
showing tungstenaccumulation(grey), which
canbeavoidedby ECRHcentralheating(red).

Summary and conclusions
Dueto thelargesurfacecoveredwith tungstena sensitivecheckof thein�uence of tungstenas
a plasmafacingmaterialin themainchamberon theplasmaperformanceunderfusionreactor
relevant conditions,wasdone. No negative in�uence on the plasmaperformancewasfound,
except for specialdesignedtestdischarges. The coretungstendensitywasalwaysbelow the
limit for ITER. The core plasmatransportcould be identi�ed as most relevant for the core
impurity concentration.CentralheatingbyNI or ECRHreducedthetungstencoreconcentration
signi�cantly. This givesa knob to control thecentralimpurities,but detailedcalculationsare
still required.Ourresultsunderlinethattungstenis asuitable�rst wall materialfor futurefusion
devices.
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